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potential of applications in food and non-food industries [1]. Moreover, biopolymer synthesized from lactic 
acid is by far the most widely used, because it is renewable, nontoxic and biodegradable [2]. Global 
consumption of lactic acid has been estimated to be around 130,000–150,000 metric tons per year and its 
market demands have been growing exponentially over the years [3]. The production cost of lactic acid might 
be significantly reduced if cheap raw materials, such as starchy materials or molasses, could be used [4]. 
Currently, lactic acid is produced from glucose or starch. Conventional biotechnological production of lactic 
acid from starch requires the pre-treatment step of gelatinization and saccharification [5]. However, 
amylolytic lactic acid bacteria (ALAB) can hydrolyze starch biomass and convert directly to lactic acid in 
single step [4]. Lactic acid fermentation can be operated in batch, fed-batch or continuous mode. Batch mode 
suffers from low volumetric productivity due to both substrate and product inhibitions and also involving with 
high labour cost following shutdown and start up [6]. Fed-batch had some advantages due to that the substrate 
and catabolite repression are prevented by slow feeding of nutrients to the bioreactor. However, after several 
cycles are run, not only the accumulation of toxic substances but might be also the accumulation of 
lowproducing variants [7]. In continuous culture, under steady state of the optimum dilution rate, the 
maximum productivity will be constant and overcome the problems suffering in batch and fed-batch cultures. 
The productivity in a conventional continuous fermentation can be 2–3 times higher than that batch and fed-
batch depending on its shorter residence time or high dilution rate. However, continuous fermentation with 
high cell density offers higher lactic acid productivity [8-10]. To date, there is no report on the conventional 
continuous fermentation or continuous with high cell density for direct lactic acid production from cassava 
starch. In the present work, conventional continuous fermentation and continuous with high cell density were 
compared in lactic acid production directly from cassava starch by ALAB, L. Plantarum SW14. For 
conventional continuous, the fermentation was carried out at various dilution rates and the continuous with 
high cell density was conducted with a hallow fiber module.  
2. Material and Methods 
2.1. Microorganism 
Amylolytic lactic acid bacteria, Lactobacillus plantarum SW14, isolated from starchy wastes [11] was 
used throughout in this work. Stock culture was maintained at -80οC in 30% (v/v) glycerol. Two successive 
inoculations at 10% [(v/v); 15 h of growth at 30οC] were transferred into the seed cultivation broth before 
inoculating into the bioreactor. 
2.2. Media 
Man, Rogosa and Sharpe (MRS) medium [12] was modified, glucose was substituted with 2% (w/v) 
cassava starch (mMRS). The modified cassava starch medium (mMRS) composed of 10 g peptone (Difco, 
Detroit, MI, USA), 10 g beef extract (Nacalai Tesque, Kyoto, Japan), 5 g yeast extract (Nacalai Tesque), 2 g 
K2HPO4 (Nacalai Tesque), 5g CH3COONa·3H2O (Nacalai Tesque), 2 g tri-ammonium citrate (Nacalai 
Tesque), 0.2 g MgSO4·7H2O (Nacalai Tesque), 0.05 g MnSO4·4H2O (Nacalai Tesque), 1ml Tween 80 
(Nacalai Tesque) and 20 g cassava starch (Pine Brand Tapioca Starch, Thailand) (per litre of distilled water). 
The mMRS was used as inoculum medium and fermentation medium. The medium was sterilized in autoclave 
(121οC, 15 min). 
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2.3. Continuous fermentation  
For inoculum preparation, A loop full of Lactobacillus plantarum SW14 was inoculated into 9 ml of 
mMRS medium and cultivated at 30οC for 15 h before inoculation at 10% (v/v) into the fermentation medium 
containing in 1L jar fermentor (Biott, Tokyo, Japan) with a working volume of 400 ml. In conventional 
continuous fermentation, the system was initially operated in batch mode. After the bacterial cells were 
growing to the maximum specific growth rate (0.28 h-1), the fermentation was then switched to continuous 
mode, which the feeding medium was controlled at various dilution rates (0.1, 0.15, 0.2 and 0.4 h-1). 
Continuous fermentation was agitated at 200 rpm and the pH was controlled at 5.4 by addition 10N NaOH 
solution through a peristaltic pump (AC-2120, ATTO, Japan) connected to an automatic pH controller (PHC-
2201, Biott, Japan) and temperature was controlled at 30οC. Medium feeding of substrate inlet and outlet were 
activated with a peristaltic pump. Throughout the continuous experiments, the culture broth was sampling 
every hour during steady state of each dilution rate.  
2.4. Continuous fermentation with high cell density 
Continuous fermentation with high cell density, the system was initially conducted with batch mode in a 
5L jar fermentor and switched to continuous mode run in a 1L jar fermentor. The fermentation conditions 
were controlled as mentioned previously in conventional continuous fermentation.  
Four litres of culture broth in a 5L jar fermentor was bled to a volume of 400 ml and decanted to a 1L jar 
fermentor through hallow fiber module. After that, the continuous culture was initiated and maintained by 
balancing the inflow of feeding medium and the outflow of permeate by the module at a dilution rate of 0.4 h-1. 
The broth was circulated in 1L jar fermentor using a pump. The culture broth was sampling every 3 hours 
after switched to continuous mode. 
2.5. Analytical methods 
The residual starch was determined on the basis of starch iodine colour complex [13], and also with the 
phenol sulfuric acid method [14]. Cell growth was measured as optical density at 600 nm with a 
spectrophotometer (UV-Visible Spectrophotometer BioSpec-1600, Shimadzu). For the determination of dry 
cell weight (DCW), bacterial cells were centrifuged at 10,000 rpm for 20 min, washed twice with de-ionized 
water and dried at 105°C until a constant weight was achieved (24 h). The cell density was then converted to 
DCW (g/l) using an appropriate calibration curve. The viable cell counts were carried out on MRS medium 
with 1.5% (w/v) agar and indicated as a number of colony forming units per ml (cfu/ml). Lactic acid and by-
product analysis were analyzed using high-pressure liquid chromatography (HPLC) (US HPLC-1210, JASCO, 
Tokyo, Japan). The SUGAR SH 1011 column (Shodex, Tokyo, Japan) was used. The column was maintained 
at 50°C, and the system was eluted with 3mM HClO4 at a flow rate of 1.0 ml/min. The optical purity of lactic 
acid was measured using a BF-5 biosensor (Oji Scientific Instruments, Hyogo, Japan). Each experiment was 
performed in duplicate. 
3. Results and Discussion 
3.1. Conventional continuous lactic acid fermentation with various dilution rates 
The steady state values of lactic acid, acetic acid and turbidity of bacterial cells at different dilution rates 
during conventional continuous fermentation are shown in Fig. 1. Cell turbidity at steady state was 
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significantly increased with increasing dilution rate. Increasing dilution rate from 0.2 h-1 to 0.4 h-1 decreased 
the cell concentration from 2.86 to 2.44 g/l, which indicated that cell wash-out was occurring. On the other 
hand, lactic acid concentration increased with increasing dilution rate and reached the maximum of 19.53 g/l 
at a dilution rate 0.15 h-1, and then it slightly decreased to 11.33 g/l at a dilution rate of 0.4 h-1. Therefore, it 
was suggested that continuous culture could be performed at dilution rate lower than 0.2 h-1. The high growth 
rate was associated with acidogenic phase. This might be due to that cells were mainly in a logarithmic 
growth phase [15]. However, the productivity of lactic acid at all the dilution rates (1.87, 2.93, 3.79 and 4.53 
gl-1h-1) of continuous fermentation was better than the productivity in batch fermentation (0.95 gl-1h-1) (data 
not show). Moreover, optical purity of D- and L-lactic acid produced at all of dilution rates were 
approximately 60% and 40%, respectively (data not show). 
 
 
 
 
Fig. 1. Effect of dilution rate on the values of lactic acid, acetic acid and cell turbidity of the conventional continuous fermentation by 
Lactobacillus plantarum SW14 in 1L jar fermentor containing 400 ml of modified cassava starch medium (mMRS) at 200 rpm, pH 5.4, 
30°C. (Trans = Transient state; SS = Steady state) 
Fig. 2 shows the average values of lactic acid concentration, residual starch, dry cell weight, yield and the 
productivity of lactic acid. As is shown, the volumetric productivity increases proportionally with increasing 
dilution rate and the highest of 4.53      gl-1h-1 was observed at the dilution rate of 0.4 h-1. On the other hand, 
the accumulation of residual starch at steady state was increased drastically with increasing dilution rate 
indicated that cassava starch degradation was a rate limiting step at higher dilution rates. 
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Fig. 2. Average values of lactic acid concentration, residual starch, dry cell weight, productivity and yield of lactic acid in conventional 
continuous fermentation of Lactobacillus plantarum SW14 in 1L jar fermentor containing 400 ml of modified cassava starch medium 
(mMRS) at 200 rpm, pH 5.4, 30°C. 
The presence of unconsumed residual starch in the broth at high dilution rates is a common feature of 
chemostat operation because fewer cells are left in the vessel to utilize it [7]. These data indicated that the 
critical dilution rate of the strain L. plantarum SW14 was at 0.2 h-1. Thus, the continuous fermentation of this 
strain could not be operated at dilution rate higher than 0.2 h-1 due to cells washed out, which resulted in less 
lactic acid production.  
3.2. Continuous lactic acid fermentation with high cell density 
In conventional culture, lactic acid productivity increased while the acid concentration decreased with 
increasing dilution rate due to cell washed out. Therefore, continuous fermentation with high cell density was 
conducted at a high dilution rate of 0.4 h-1, since the cells can be recycling back to the system. The results of 
lactic acid, residual starch, dry cell weight, productivity and yield of the continuous fermentation with and 
without high cell density are shown in Fig. 3. Lactic acid concentration and the productivity increased up to 
20 g/l and 8.0 gl-1h-1, which were approximately 2 and 1.8 times respectively, compared to the conventional 
continuous fermentation at the same dilution rate. These results could be due to that the bacterial cells were 
recycled and increased higher than the conventional continuous fermentation as around 5 times (12.18 g/l). It 
can be concluded that lactic acid production from cassava starch by the strain L. plantarum SW14 can be 
improved at high dilution rate by continuous with cell recycle. The results obtained in this study so far are 
better than previously reports (Table 1). 
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Fig. 3. Comparison results of continuous lactic acid fermentation with and without high cell density at dilution rate 0.4 h-1 of 
Lactobacillus plantarum SW14 in 1L jar fermentor containing 400 ml of modified cassava starch medium (mMRS) at 200 rpm, pH 5.4, 
30°C.  
Table 1. Comparison of lactic acid production from starch by amylolytic lactic acid bacteria. 
Strains Starch Fermentation process Lactic acid (g/L) 
YLA 
(g/g) 
PLA 
(gl-1h-1) Reference
Lactobacillus plantarum SW14 Cassava Continuous (D = 0.20 h-1) 18.96 1.08 3.79 This study 
Lactobacillus plantarum SW14 Cassava Continuous with high cell density (D = 0.40 h-1) 20.00 1.21 8.00 
This 
study 
Enterococcus faecium No. 78 Sago Batch 16.6 0.93 1.11 [9] 
Enterococcus faecium No. 78 Sago Continuous with high cell density (D = 0.16 h-1) 17.9 - 2.86 [9] 
Enterococcus faecium No. 78 Sago Continuous with high cell density (D = 0.26 h-1) 11.7 0.76 3.04 [9] 
Lactobacillus amylovorus ATCC 33620 Cassava Batch 4.8 0.48 0.69 [16] 
Streptococcus bovis 148 Raw starch Batch 14.7 0.88 - [17] 
Lactobacillus manihotivorans LMG 
18010T 
Raw 
starch Batch 12.6 0.67 0.50 [18] 
Lactobacillus plantarum A6 Raw starch Batch 15.2 0.84 2.1 [18] 
*YLA/TS: yield of lactic acid to consumed total sugars; PLA; Productivity: (lactic acid produced to cultivation time) 
4. Conclusion 
High lactic acid concentration can be produced from cassava starch in single step by the strain of 
Lactobacillus plantarum SW14, the amylolytic lactic acid bacterium. The productivity of lactic acid in 
conventional continuous fermentation at a dilution rate 0.4 h-1 can be improved to 4.53 gl-1h-1 which higher 
than 4.7 times compared to batch mode. A further increase up to 8.0      gl-1h-1 was obtained in continuous cell 
recycling, which equal to 8 and 1.8 times when compared to batch and conventional continuous fermentation, 
respectively. Therefore, L. plantarum SW14 has a potential in lactic acid production directly from cassava 
starch when applied with the right fermentation mode. 
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